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a  b  s  t  r  a  c  t
The  primary  role  of land  surface  models  embedded  in  climate  models  is to  partition  surface  available
energy  into  upwards,  radiative,  sensible  and  latent  heat  ﬂuxes.  Partitioning  of  evapotranspiration,  ET, is
of  fundamental  importance:  as  a major  component  of  the  total  surface  latent  heat  ﬂux, ET  affects  the
simulated  surface  water  balance,  and related  energy  balance,  and  consequently  the  feedbacks  with  the
atmosphere.  In this  context  it is  also  crucial  to credibly  represent  the  CO2 exchange  between  ecosystems
and  their  environment.  In  this  study,  JULES,  the  land  surface  model  used  in  UK weather  and  climate
models,  has  been  evaluated  for temperate  Europe.  Compared  to eddy  covariance  ﬂux  measurements,  the
CO2 uptake  by  the ecosystem  is underestimated  and  the  ET overestimated.  In  addition,  the  contribution  to
ET  from  soil  and  intercepted  water  evaporation  far  outweighs  the contribution  of plant  transpiration.  To
alleviate  these  biases,  adaptations  have  been  implemented  in  JULES,  based  on  key  literature  references.
These  adaptations  have  improved  the simulation  of the  spatio-temporal  variability  of  the ﬂuxes  and  the
accuracy  of the simulated  GPP  and  ET, including  its partitioning.  This  resulted  in a shift  of the  seasonal  soil
moisture  cycle.  These  adaptations  are  expected  to increase  the  ﬁdelity  of  climate  simulations  over  Europe.
Finally,  the  extreme  summer  of 2003  was  used  as evaluation  benchmark  for  the  use  of the  model  in climate
  . change  studies.  The  improved  model  captures  the  impact  of the  2003  drought  on  the  carbon  assimilation
and  the  water  use  efﬁciency  of the  plants.  It, however,  underestimates  the  2003  GPP  anomalies.  The
simulations  showed  that a reduction  of evaporation  from  the  interception  and  soil  reservoirs,  albeit  not  of
transpiration,  largely  explained  the  good  correlation  between  the  carbon  and the  water  ﬂuxes  anomalies
that  was  observed  during  2003.  This  demonstrates  the  importance  of being  able  to  discriminate  the
response  of  individual  component  of  the  ET  ﬂux to  environmental  forcing.
 . Introduction
The increasing demand for ecosystem services, in conjunction
ith climate change, are expected to signiﬁcantly alter the ter-
estrial ecosystems and, by consequence, the energy, water, and
arbon ﬂuxes between land and atmosphere (Foley et al., 2005).
n order to evaluate the sustainability of the ecosystems and their
ervices, in particular future water availability, there is a need for a
etter understanding of the relationships between the land surface
haracteristics, and the energy and water cycles.Simulating the various processes that interact within the hydro-
ogical cycle is a challenging task for climate models. Successful
imulation of these interactions by the land surface component
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of a climate model requires detailed representation of processes
such as interception, throughfall, snow accumulation, inﬁltration,
runoff, soil moisture recharge and uptake, as well as the partition-
ing of evapotranspiration between intercepted water evaporation
(from canopy and standing water on top of soil), transpiration, and
soil evaporation (Oleson et al., 2008).
One of the primary roles of a land surface scheme in a General
Circulation Model (GCM) is to partition net incoming radiation into
upwards ﬂux of long wave radiation, sensible heat (SH) and latent
heat ﬂux (LE), as well as downwards ground ﬂux. In the absence of
freeze/melt processes, the latent heat ﬂux is directly proportional
to total evapotranspiration (ET), i.e. the sum of transpiration (Et),
soil evaporation (Es) and intercepted water evaporation (Ec). Since
Open access under CC BY license.the time scales of response differ for each ET component (fast for
Ec, slower for Es, and slowest for Et), the timescale of ET response
and the local climate response, such as to a rainfall event or a sea-
sonal precipitation anomaly, is likely to be affected by how the land
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Fig. 1. Location of the needle leaf (black), broad leaf (red), mixed temperate (blue)
forest and grassland (green) FLUXNET sites selected for this study. Site name abbre-C. Van den Hoof et al. / Agricultural an
urface model in the GCM executes the partitioning. An underesti-
ation of the role of Et may  also affect the amplitude and regionality
f the land–atmosphere coupling in GCMs (Lawrence et al., 2006;
eneviratne et al., 2006), which has been used to assess the skill of
odels in predicting heat waves (Fischer et al., 2007).
Ecosystems are considered an important regulator of global cli-
ate. Plant transpiration generally decreases during dry and warm
easons, generally occurring in summer, due to lack of soil moisture
upply. Subsurface hydrological processes on which these plants
argely depend therefore need to be properly represented in land
urface models in order to simulate the water and carbon cycles
Reichstein et al., 2002). With regards to climate change, model
imulations indicate that extraordinary hot summers over North
merica, Central Asia, Europe and other mid-latitudinal regions
ill become more frequent, more intense and longer lasting in
he future (Meehl and Tebaldi, 2004). From a modelling point of
iew the 2003 heat wave can be regarded as a proxy of future cli-
ate (Schär et al., 2004), so that demonstrated skill in simulating
he chain of mechanisms active during summer 2003 is increas-
ngly a key requirement for establishing the credibility of these
rognostic tools. Analysis of extreme climatic events such as the
003 heat wave and drought can improve our knowledge of the
ossible effect of climate change on the functioning of the ecosys-
em. It is important to credibly represent these processes, as they
re crucially involved in feedbacks with the rest of the climate sys-
em. FLUXNET eddy-covariance data indicated a drop of 30% in GPP,
ross Primary Productivity, over Europe compared to 2002 (Ciais
t al., 2005). This GPP drop coincided with a reduced evapotranspi-
ation and soil drying due to the rainfall deﬁcit (Reichstein et al.,
007). Hence, a successful modelling of the short-term effects on
he carbon and water of the terrestrial ecosystem is a necessary
ondition for building conﬁdence in future model predictions.
For  this purpose, land surface models are useful tools. Examples
f currently used land surface schemes include the Interaction Soil-
iosphere-Atmosphere model (ISBA, Noilhan and Planton, 1989),
he Canadian Land Surface Scheme (CLASS, Verseghy et al., 1993),
nd the Community Land Model (CLM, Oleson et al., 2010). These
odels differ by their parametrisation and processes representa-
ion. A range of studies have investigated those differences as well
s compared the simulated land surface ﬂuxes and state variables
hat those models produce (Boone et al., 2004; Dirmeyer, 2011).
In  this study, JULES, the Joint UK Land Environment Simula-
or (Clark et al., 2011; Best et al., 2011), which is the land surface
odel used in the weather, seasonal and climate models of the
K Met  Ofﬁce, will be evaluated for temperate Europe. JULES has
een shown to improve the simulation of global surface climate
hen included in the HadAM3 version of the Hadley Centre cli-
ate model (Cox et al., 1999). However in comparison to all other
GCMs, Atmospheric General Circulation Models, considered in the
LACE project (Koster et al., 2006), the coupling strength between
and and atmosphere in HadAM3 was among the weakest. The val-
es for the ET coupling are low, when compared to other models for
ost regions of the world, including Europe. These low values may
e due in part to unconstrained re-evaporation of canopy inter-
eption. They may  also be due to the fact that evaporation in the
adAM3 model is rarely moisture-limited (Gedney et al., 2000).
lyth et al. (2010), who used surface energy ﬂux measurements
rom 10 FLUXNET sites selected to represent a range of climate
onditions and biome types worldwide to assess the performance
f the land surface model JULES, found that in general LE is over-
stimated in JULES. The same results were found by Van den Hoof
t al. (2011) over cropland in Europe. In addition to this, the simu-
ated ET ﬂux tends to fall too quickly during extended dry periods
Blyth et al., 2010), indicative of a source of moisture from small,
nconstrained reservoirs. These results are consistent with what
as found more recently during the assessment of the currentviations are explained in Table 1. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of the article.)
Hadley Centre foundation for Earth System Modelling, HadGEM2
(Martin et al., 2010).
In  this study, particular attention will be paid to the different
components of ET and to the impact of their partitioning on the
land surface state. JULES model output has mainly been evalu-
ated against eddy covariance ﬂux measurements from the FLUXNET
network, which provided spatio-temporal information of energy,
water and carbon ﬂuxes at timescales which are relevant to climate
simulations. Despite the few available detailed measurements on
ﬂux partitioning, an attempt will be made to understand the JULES
model’s shortcomings. In addition, adaptations, based on key lit-
erature references, to address speciﬁc deﬁciencies in JULES, will be
implemented and evaluated. The observed and simulated variables
for 2003 will be used as a benchmark to understand the perfor-
mance of the model to simulate the impact of an extreme event on
the land surface and its ecosystem.
2. Materials
2.1. FLUXNET site data
For  this study, eleven FLUXNET sites were selected; eight for-
est sites and 3 grassland sites. The forest sites consist of two
deciduous broadleaf (Hesse in France and Hainich in Germany), 4
evergreen needle leaf (Le Bray in France, Loobos in The Netherlands,
and Tharandt and Wetzstein in Germany) and 2 mixed deciduous
and evergreen forest sites (Vielsalm and Brasschaat in Belgium).
The three grassland sites are Bugac (Hungary), Cabauw (The
Netherlands) and Grillenburg (Germany). The locations of these
sites are shown in Fig. 1. A summary of the key climatic and eco-
logical conditions found at these FLUXNET sites is given in Table 1.
The sites were selected in such a way that they cover a wide
range of temperate ecosystems in Western Europe. In addition to
this, the data needed to span several years (>5 years) and by pref-
erence include 2003, during which a heat and drought wave was
observed in Europe. The data availability for each site is provided
in Table 1.At  all sites, the exchanges of carbon dioxide (CO2), water vapour
and energy were measured above the canopy using the eddy
covariance method (Aubinet et al., 2000) at half-hourly time-steps.
The monthly averaged ﬂuxes of energy and water as well as the
110 C.  Van den Hoof et al. / Agricultural and Forest Meteorology 181 (2013) 108– 124
Table  1
Summary of ecological, climatic, and soil characteristics at the temperate forest and grassland FLUXNET sites selected for this study.
Location Elev. (m)  Climate Soil texturea Landcover H (m)  References Years of data
Lat (◦) Lon (◦) T (◦C) P(mm)
Brasschaat (Bra) 51.18 4.31 16 11.1 824 Moderate wet
loamy  sand, haplic
podzol  (*coarse)
50%  BL with LAI:
0–3.0  and h: 17 m
50% NL with LAI:
1.8  and h: 21 m
41 Gond et al. (1999), Carrara et al.
(2003), Curiel Yuste et al. (2005),
Gielen et al. (2010)
2000–2009
(except  2003)
Bugac  (Bug) 46.69 19.6 114 10.4 562 Sandy loam
(capillary rise),
chernozem
(*coarse)
100%  grass with
LAI:  1.5 and h:
0.5  m
4  Nagy et al. (2011), Balogh et al.
(2011), Gilmanov et al. (2007),
Flechard et al. (2011)
2003–2008
Cabauw  (Cab) 51.97 4.93 −0.7 9.8 786  Alluvial clay on
peat  (*very ﬁne)
100%  grass with
LAI:  2.0 and h:
0.2  m
10  Tolk et al. (2009), Gilmanov et al.
(2007), Flechard et al. (2011)
2003–2008
Grillenburg  (Gri) 50.95 13.51 385 7.2 853 Silt loam,
pseudo-gley (*very
ﬁne)
100%  grass with
LAI:  3.5 and h:
0.7  m
3  Hussain et al. (2011), Prescher et al.
(2010), Gilmanov et al. (2007),
Flechard et al. (2011)
2004–2008
Hainich  (Hai) 51.04 10.27 440 7.5 750 Chromic cambisol
(*ﬁne)
100%  BL with LAI:
0–6  and h: 33 m
43.5 Knohl et al. (2003) 2000–2007
Hesse  (Hes) 48.67 7.07 300 9.2 820 Loamy, (stagnic)
luvisol  (*medium
ﬁne)
100% BL with LAI:
0.5–5.5  and h: 16 m
22  Granier et al. (2000a), Granier et al.
(2000b), Betsch et al. (2011)
2003–2008
Le  Bray (LeB) 44.42 0.46 60 12.5 930 Sandy (*coarse) 100% NL with LAI:
1.8–4.2  and h: 18 m
25  Berbigier et al. (2001), Rivalland
et  al. (2005)
2000–2008
Loobos  (Loo) 52.10 05.44 15.1 10.0 786 Sandy, humus
podzol (*coarse)
100% NL with LAI:
2.3  and h: 16 m
26 Dolman et al. (2002) 2000–2009
Tharandt  (Tha) 50.57 13.34 380 7.8 823 Loamy podzol,
distric  cambisol
(*medium)
87% NL with LAI:
7.6  and h: 26.5 13%
BL
42  Grünwald and Bernhofer (2007),
Clausnitzer et al. (2011)
2000–2009
Vielsalm  (Vie) 51.31 4.52 450 7.5 1000 Silt loam, distric
cambisol
(*medium)
60%  BL LAI: 1–5
and  h: 27 m 40% NL
with LAI: 5.5 h:
35 m
40  Laitat et al. (1999), Aubinet et al.
(2001), Aubinet et al. (2002)
2000–2009
Wetzstein  (Wet) 50.27 11.27 450  7.5 1000 Silty clay,
chernozem
(*medium ﬁne)
100%  NL with LAI:
4  and h: 22
30  Anthoni et al. (2004), Rebmann
et  al. (2010)
2003–2008
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C: mean annual air temperature, P: cumulated annual precipitation, h: height of ve
ase  of grass), BL: broad leaf tree, NL: needle leaf tree.
a See Table 3 of Wösten et al. (1999).
arbon exchanges have been used to evaluate the variables sim-
lated by the land surface model JULES. The FLUXNET data sets
lso provided all the meteorological variables required to force the
odel at half-hourly time-steps: global and net radiation (Rg and
n), air temperature (T), speciﬁc humidity (q), precipitation and
now (P and Sn), wind speed (| v |) and surface pressure (p).
Based on site speciﬁc information provided for each site (see
able 1), the soils of the FLUXNET sites were allocated to one of the
1 possible soil textural/pedological classes derived from six FAO
exture classes (ﬁve mineral and one organic) and two pedological
lasses (topsoil and subsoil), as described in Table 3 of Wösten et al.
1999). Wösten et al. (1999) assigned parameters, relating to curves
escribing the relationship of matric potential and hydraulic con-
uctivity with moisture content (van Genuchten, 1980), to each of
hese soil classes. Those parameters were derived from a set of stan-
ardised pedotransfer functions applicable to studies at a European
cale and can be found in Table 4 of Wösten et al. (1999).
.2.  The land surface model JULES v.2.2
JULES, the Joint UK Land Environment Simulator (Clark et al.,
011; Best et al., 2011) is the UK community land surface model. It
as originally designed to represent the land surface in UK weather,
easonal and climate models, including all Hadley Centre climate
odels, but has been increasingly used as a community model
or more general purposes such as impact studies (Betts, 2007;
arrison et al., 2008).
JULES  calculates surface prognostics of temperature, speciﬁc
umidity and snow cover, as well as the ﬂuxes of moisture,
O2, momentum and energy between the land surface and theion, LAI: leaf area index and H: height of eddy ﬂux measurements (max. values in
atmosphere.  The surface ﬂuxes of moisture and heat are functions
of the atmospheric driving variables: T, q, p, | v |, Rn (and Rg), P + Sn.
Evaporation from the surface comes from three sources: there is the
evaporation from interception storage (at potential rate), bare soil
evaporation from the top soil layer, and transpiration originating
from root water uptake from all four model layers over vegetated
areas.
JULES uses a tiled model of sub-grid heterogeneity with sepa-
rate surface temperatures, short-wave and long-wave upwelling
radiative ﬂuxes, sensible and latent heat ﬂuxes, ground heat ﬂuxes,
canopy moisture content, snow mass and snow melt. JULES uses
ﬁve vegetation tiles, representing ﬁve different Plant Functional
Types (PFTs: broad-leaf trees, needle-leaf trees, C3-grass, C4-grass,
shrubs) and four non-vegetated surface tiles (urban, inland water,
bare soil and ice). These ﬁve PFTs differ in their morphological,
physiological and hydrological characteristics.
The soil consists of four layers extending to 3 m depth. The lay-
ers have a thickness of 0.1 m,  0.25 m,  0.65 m and 2 m,  respectively.
These 4 soil layers have speciﬁc hydraulic and thermodynamic
properties. Movement of water through the soil is calculated via
the Richards equation, and hydraulic conductivity and pressure
head are calculated using Clapp and Hornberger (1978) or van
Genuchten (1980) characteristic curves, see Eq. (13). Precipita-
tion falls on the surface; a fraction is intercepted by the canopy
with the remainder falling to the surface as throughfall. The water
reaching the soil surface is then split between inﬁltration into the
soil and surface runoff. The inﬁltration takes place at a rate equal
to the saturated hydraulic conductivity multiplied by an inﬁltra-
tion enhancement factor, which is dependent on the presence and
type of vegetation. From the deepest soil layer, drainage takes
d Forest Meteorology 181 (2013) 108– 124 111
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Table 2
Values of nl (kgN kg−1 C), Dc (kg H2O kg−1 air) and f0 (dimensionless) for broad leaf
trees  (BL), needle leaf trees (NL) and C3-grass, as used in the literature as well as
those selected for this study (proposed values). The values currently used in JULES
(JULES-orig) are represented in bold.
Wullschleger
(1993)
Clark et al. (2011) Proposed values
nl nl Dc f0 nl Dc f0C. Van den Hoof et al. / Agricultural an
lace at a rate equal to the hydraulic conductivity of this layer
‘free drainage’).
Further details on the JULES model formulation, directly rele-
ant to the moisture ﬂux, are described in the following section. A
ore detailed description of the model can be found in Clark et al.
2011) and Best et al. (2011).
.  Methods
.1. Summary of model improvements
In this section, the modiﬁcations that were implemented in
ULES v.2.2 to better represent the different components of the
oisture ﬂux are described. These modiﬁcations are based on key
iterature references; no model tuning was performed.
.1.1. Vegetation transpiration
Transpiration  depends on the net radiation, the bulk transfer
oefﬁcient for heat and water vapour, the vapour pressure deﬁcit of
he air, the leaf area index and the stomatal resistance. In JULES this
tomatal conductance is represented by the A − gs scheme devel-
ped by Jacobs (1994):
s =
(
1.6RT∗
Cc − Ci
)
A (1)
i =
[
f0
(
1 − D∗
Dc
)
(Cc − )
]
+  (2)
ith gs the stomatal conductance to water vapour (m s−1), R the
niversal gas constant (J K−1 mol−1), T* the leaf surface tempera-
ure (K) and A the net photosynthetic rate (mol CO2 m−2 s−1). The
actor 1.6 accounts for the different molecular diffusivities of water
nd carbon dioxide. Ci the internal CO2 partial pressure (Pa) is a
unction of Cc the leaf surface CO2 partial pressure (Pa),  the pho-
orespiration compensation point (Pa), D* the speciﬁc humidity
eﬁcit at the leaf surface (kg H2O kg−1 air), Dc the critical humidity
eﬁcit (kg H2O kg−1 air) and f0 the maximum ratio between inter-
ellular and atmospheric CO2. f0 (dimensionless) is deﬁned as Ci/Cc
or D* = 0. Based on the simpliﬁed formulation by Leuning (1995),
alues can be assigned to f0 and Dc:
0 = 1 −
1.6
a
(3)
c =
(
a
1.6
−  1
)
D0 (4)
ith a, a dimensionless parameter, and D0 equal to 6.23 and
.0281 g kg−1, respectively.
The leaf photosynthesis A depends on a number j of environ-
ental variables X (water availability, net radiation, temperature)
s well as the internal CO2 concentration, Ci:
 = A(Xj, Ci) (5)
JULES uses a biochemical approach to estimate the non water-
nd nutrient-limited photosynthesis. It is based on the model of
ollatz et al. (1991) for C3-type photosynthesis and Collatz et al.
1992) for C4-type photosynthesis. These models describe the rate
f CO2 assimilation as limited by enzyme kinematics: (i) the amount
f Rubisco; (ii) the electron transport, which is a function of avail-
ble light and (iii) the capacity to transport or utilise photosynthetic
roducts. (i) and (iii) are a function of the maximum rate of car-
oxylation of Rubisco, Vm. In JULES, Vm is a function of Vmax theBL 0.059 0.046 0.090 0.875 0.046 0.081 0.74
NL 0.031 0.033 0.060 0.875 0.07 0.081 0.74
C3-grass 0.075 0.073 0.100 0.900 0.073 0.081 0.74
maximum rate at 25 ◦C and T*. Vmax depends on the leaf nitrogen
concentration nl, which is kept constant per PFT:
Vmax =
{
0.0008 nl for C3
0.0004nl for C4
(6)
Finally, the leaf photosynthetic rate is up-scaled to the canopy
level by means of the leaf area index, LAI.
Cox et al. (1998) have treated the parameters nl, Dc and f0 of
JULES as calibration parameters. By least squares optimisation of
the model, they assigned to these parameters the values provided
in Table 2 and currently used by Clark et al. (2011). In this study
we propose new values, guided by plant physiology literature and
the leaf stomatal conductance formulation used in JULES and devel-
oped by Leuning (1995).
In  his review on biochemical limitations to carbon assimilation
in C3 plants, Wullschleger (1993) provided average values for mea-
sured maximum rate of carboxylation per PFT. The values provided
in Table 2 for nl per PFTs are interpolated from these rates based on
Eq. (6). However, Wullschleger (1993) mentioned that in the case
of conifers some artefact may  be present that causes a bias in the
estimates of the maximum rate of carboxylation; i.e. the tempera-
tures used to deﬁne this rate for many of the conifer species were
lower than those used for other plant species.
Next, Reich et al. (1995) suggested that conifer high instan-
taneous photosynthetic nitrogen use efﬁciency, rather than leaf
nitrogen concentration per se, plays an important role in the
response of the maximum photosynthetic rate to variation in leaf
nitrogen. The use of nl to estimate the maximum rate for ever-
green trees might lead to underestimation. Furthermore, Gibelin
et al. (2006) mentioned that leaf structure is more relevant to
maximum photosynthetic rate than leaf nitrogen. Therefore in
the ﬂux modelling study performed at high and middle latitude
(Gibelin et al., 2008), the value of nl for needle leaf tree was set to
0.07 kgN kg−1 C, instead of 0.031 kgN kg−1 C as extrapolated from
the study by Wullschleger (1993).
Concerning Dc and f0, based on Eqs. (3) and (4), the values cor-
responding to these parameters are 0.081 kg kg−1 for Dc and of
0.74 (dimensionless) for f0. These values are in agreement with the
experimental results given by Goudriaan and Van Laar (1978) and
Wong et al. (1979).
Based  on the literature review above, the value of nl for needle
leaf trees was  changed in our study to 0.07; this is a doubling of the
value compared to the value provided by Clark et al. (2011). The
values for the other vegetation types, broad leaf tree and C3-grass
were not adapted. Dc and f0 were changed to 0.081 and 0.74, respec-
tively, for all vegetation types. This means that for broad leaf tree
and C3-grass, Dc decreased by 10% and 19%, respectively, compared
to Clark et al. (2011). The value for needle leaf trees increased by
35%. Concerning f0, its value was reduced for all vegetation types
compared to Clark et al. (2011); by 15% for the trees and by 18% for
the C3-grass. These proposed new values are given in Table 2.
Finally,  based on the literature review performed by Breuer
et al. (2003) for land covers in temperate ecosystems, the
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ooting depths of BL and NL were both set to 1.2 m,  instead of 3 m
nd 1 m,  respectively. BL and NL were not differentiated where
ooting depth is concerned since the intra-species variability is
arger than the inter-species variability. The value of 0.5 m for the
ooting depth of grassland was left unchanged.
.1.2. Intercepted water evaporation
The evaporation of intercepted water only takes place from the
aturated fraction of the canopy, fa. In JULES, fa is deﬁned as follows:
a = C
Cm
(7)
here C the canopy moisture content (in kg m−2) and Cm the canopy
apacity (in kg m−2).
An alternative equation for Eq. (7) has been provided by
eardorff (1978):
a =
(
C
Cm
)2/3
(8)
This formulation is currently used in the CLM (Oleson et al.,
010) and in the land surface model ISBA (Noilhan and Lacarrère,
995), and has been implemented in JULES in this study by replac-
ng Eq. (7) with Eq. (8). This adaptation will result in a reduced
aturated fraction and hence a larger dry land surface fraction
1 − fa). This means that a larger fraction of evaporation will come
rom vegetation transpiration and soil evaporation.
With regards to Cm, the canopy capacity, this is currently com-
uted in standard JULES as:
m = 0.5 + 0.05LAI (9)
The above formulation was compared to formulations used in
ther land surface models. The canopy moisture content Cm is
eﬁned by Sellers et al. (1996) and Dickinson et al. (1993) as equal
o 0.1 LAI and by Tallaksen (1991) as 0.2 LAI. These values are in line
ith the literature review performed by Breuer et al. (2003) for var-
ous plant parameters in temperate climate. This review mentions a
ean interception, which corresponds to Cm, of 1.8 (kg m−2) for NL,
.4 (kg m−2) for BL and 1.5 (kg m−2) for C3-grass, with a mean LAI
alue of 6.2, 5.8 and 7.2, respectively. Based on this, the formula-
ion for the canopy capacity Cm (Eq. (9)) in JULES has been replaced
ith:
m = 0.05 + 0.2LAI (10)
A minimum water interception of 0.05 kg m−2 has been chosen
ssuming that the soil, branches and trunk intercept water as well.
his adaptation will result in an enhanced dependency of canopy
nterception to LAI.
.1.3.  Soil evaporation and inﬁltration
.1.3.1. Soil evaporation. In JULES, the soil evaporation depends on
he soil conductance (m s−1), gsoil, which has been deﬁned as fol-
ows:
soil =
1
100
(
1
c
)2
(11)
ith 1 the volumetric soil moisture content (m3 m−3) in the top
.1 m of the soil (layer 1) and c the volumetric soil moisture
ontent at critical point (=ﬁeld capacity) within the same layer.
ence, the soil evaporation rate depends on the moisture con-
ent within the top 0.1 m.  However, as mentioned by Mahfouf and
oilhan (1991), simple parameterisations of soil evaporation are
nly valid for a thin layer of a few centimetres. In CLM for example,
he soil evaporation depends on the soil moisture content within
he top 0.0175 m (Lawrence et al., 2006). Therefore we  decided tost Meteorology 181 (2013) 108– 124
reduce the depth of the top soil layer in JULES. The model however
becomes numerically unstable if the top layer is less than about
0.025 m thick (also conﬁrmed by personal communication with J.
Edwards, UKMO – 22/11/2011). Therefore a different approach has
been used in this study. The top soil layer evaporation capacity has
been reduced to 0.0175 m;  the top soil layer of 0.1 m is assumed
to deplete gradually by evaporation only over the top 0.0175 m,
whereas the transpiration for the ﬁrst layer can take place over the
entire top 0.1 m.  This has been implemented in JULES by replacing
Eq. (11) by the following equation:
gsoil =
⎧⎪⎪⎨
⎪⎪⎩
1
100
(
1 − (8.25/10.0)sat
c(1.75/10.0)
)2
10−6 if
8.25
10.0
sat > 1
(12)
with sat the volumetric soil moisture concentration at saturation.
Once the top 0.0175 m of the soil is depleted, gsoil is set to a very
small value, 10−6 m s−1, to limit the soil evaporation.
3.1.3.2. Top soil layer texture. As the top soil layer in forests and
grasslands is usually rich in organic matter (Lawrence and Slater,
2008), the hydraulic parameters of this layer have been assigned the
values provided in Table 4 of Wösten et al. (1999) for the organic
soil texture class. The available soil water content, which is deﬁned
as the volumetric water content between w (wilting point) and c,
is larger for organic soils compared to the other soil texture classes.
In addition to this, the saturated hydraulic conductivity for this soil
type is very small. Only the ‘medium ﬁne’ texture class presents
lower values.
3.1.3.3. Inﬁltration enhancement factor. In JULES the surface inﬁl-
tration rate K is equal to ˇKs. Ks is the soil saturated hydraulic
conductivity and  ˇ is an enhancement factor. The inﬁltration
enhancement factor is set to 4 for BL and NL and to 2 for C3-grass
vegetation type (Essery et al., 2001). These values were originally
set equal to 6 and 1.5, respectively (Cox et al., 1999). In this study,
the difference in saturated hydraulic conductivity between top
and sublayer is already taken into account by using the hydraulic
parameters values provided by Wösten et al. (1999) for top and
sublayer. Note that Thompson et al. (2010) found no signiﬁcant
difference in inﬁltration capacity between hardwood, pine forests
and grass. Therefore, in this study, the value of the  ˇ factor was set
to 1 for all PFTs since no universal justiﬁcation can be found for
differences in  ˇ values between PFTs.
3.2. Model simulations
Model  simulations were performed for the different FLUXNET
sites for the adapted model versions as well as for the original JULES
model. For each simulation, JULES was  parameterised according to
the FLUXNET site speciﬁc conditions (see Table 1). Due to the lack
of observed times series of LAI, the model was forced with pre-
scribed seasonal LAI values (see Table 1 for references). The distance
between canopy height and the zero-plane displacement height H-
d, with d the displacement height, is a required parameter in JULES.
The values for d were taken from site speciﬁc information for Brass-
chaat and Vielsalm: 19 m (Carrara et al., 2003) and 28.5 m (Ligne
et al., 2010), respectively, or set to 2/3 h (Brutsaert, 1982) for the
other sites.
JULES was  run using the van Genuchten soil hydraulic model to
describe the soil water retention curve. This is in line with current
practice in operational NWP  at the UK Met  Ofﬁce and in climate
prediction since the advent of HadGEM3 (Walters et al., 2011). The
values for the van Genuchten parameters r, residual water con-
tent (m3 m−3), s, saturated water content (m3 m−3), Ks, saturated
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ydraulic conductivity (m s−1), the ﬁtting parameter  ˛ (m−1)) and
he shape parameters of the water retention curve, m and n, have
een taken from Wösten et al. (1999). Given the soil texture class
bserved at the sites, the top soil layer in JULES has been assigned
he ‘topsoils’ parameter values provide in Table 4 of Wösten et al.
1999). The values of the ‘subsoils’ category in Table 4 of Wösten
t al. (1999) have been assigned to the 3 sublayers of JULES. The
alues for w and c, the wilting (or ﬁeld capacity) and critical point
m3 m−3), respectively, have been computed as follows:
 = r + s − r
(1 + (˛ )n)m
(13)
ith  the pressure head, set to 1.5 MPa  for  = w and to 0.033 MPa
or  = c. The values, based on Wösten et al. (1999), of the different
ydraulic parameters required by JULES are provided in Table A.2
f Appendix A.
JULES  was forced with the half-hourly meteorological condi-
ions observed at the FLUXNET sites. For each simulation, the model
as spun up using a loop of the time series of available forcing data
see Table 1) to ensure that the deep soil water was at equilib-
ium before conducting the ﬁnal simulation. Equilibrium state was
ssumed to be reached once the difference with initial conditions
as less than 1% for soil moisture and temperature.
.3. Model performance and impact of adaptations
The original, as well as the adapted JULES versions, were evalu-
ted at the different FLUXNET sites. The original JULES, as described
n Section 2.2, is called JULES-orig. The simulation performed with
ULES adapted for the vegetation transpiration (see Section 3.1.1)
s called Veg-mod. The simulation performed with JULES adapted
or the intercepted water evaporation (see Section 3.1.2) is called
nter-mod. The simulation performed with JULES adapted for the
oil evaporation and inﬁltration (see Section 3.1.3) is called Soil-
od. Finally, the simulation performed with JULES including all
daptations is called JULES-adapt.
At  each site, the latent heat exchanges [W m−2] and the GPP
gC m−2] simulated at half-hourly timestep and integrated to daily
otals were tested and validated against the FLUXNET data. The
odel performance has been quantiﬁed in several ways. The corre-
ation coefﬁcient, r, between measured and simulated values was
sed to evaluate how well the observations and simulations vary
ointly. The mean bias errors, MBE, and the Root Mean Squared
rror, RMSE, were calculated as well. The MBE  calculations provide
n estimate of whether the model has tendencies to over-predict
i.e., positive bias) or to under-predict (i.e., negative bias) the ﬂuxes
ith respect to observations. The RMSE is a measure of the devia-
ion between the model and the observations. The latter is used to
uantify the accuracy of the simulations.
The simulations performed with the different adapted versions
ave been compared to the original version JULES-orig, which has
een used as a reference. The impact of each modiﬁcation has been
ssessed by quantifying the signiﬁcance of the changes in GPP,
vaporative ﬂuxes and extractable water, which is deﬁned as the
olumetric soil moisture content between the actual water content
nd the critical point in the top 3 m of the soil. The analysis of the soil
oisture distinguishes between the top soil layer (0–0.1 m) and the
est of the soil proﬁle (0.1–3 m).  The signiﬁcance of the changes has
een quantiﬁed by means of the t-test. In this study the conﬁdence
evel has been set to 95%.
While  the model is forced by design to obey energy balance
losure, we acknowledge that the lack of closure of the measured
nergy balance at FLUXNET sites, as discussed by Twine et al. (2000)
nd Wilson et al. (2002), is an issue. The lack of closure can poten-
ially be corrected by a method based on the Bowen ratio approachst Meteorology 181 (2013) 108– 124 113
(Twine  et al., 2000), which assumes that the available energy and
the Bowen ratio measurements are sufﬁciently accurate. However,
data on ground heat ﬂuxes and heat storages in the canopy were
only available for a few sites, and this will bias the quantiﬁca-
tion of the lack of closure. In addition to this, Baldocchi and Ryu
(2011) mentioned that the lack of energy balance closure is not
necessarily due to a lack of quality or accuracy of the evapora-
tion measurements, and that there is a growing body of evidence
showing good agreement between long-term evaporation mea-
surements by eddy covariance with independent hydrologically
based methods. Therefore, since the reasons for the lack of closure
are still under discussion (Foken et al., 2011), we  have decided not
to perform the ﬂux correction procedure.
Finally, it has to be reiterated that the FLUXNET GPP data
are extrapolated, through modelling, from measurements of Net
Ecosystem Exchange, NEE (Falge et al., 2002; Reichstein et al., 2005).
This method might generates biases in the provided GPP FLUXNET
data as well.
4.  Results and discussion
4.1.  Original JULES v2.2 simulations
The performance of JULES-orig, has been evaluated against the
FLUXNET data. From Fig. 2(a) and (b) it can be seen that the biases
between JULES and FLUXNET mean cumulative yearly gross assim-
ilation (GPP) and evapotranspiration (ET) vary from one site to
another. At all sites, however, the modelled ET is signiﬁcantly larger
than the FLUXNET data (see also mean and MBE  values in Table 3),
in particular at Bra, Gri, Hai, Hes and Vie. The modelled GPP, in
contrast, is signiﬁcantly smaller compared to FLUXNET, except at
Cab, Hai and Hes. At Gri the GPP is largely overestimated. Over-
all the model does not seem able to capture the spatial variability
of GPP and ET. The correlation between modelled and measured
mean yearly ﬂuxes per site is very poor (see r values in Table 3)
and not signiﬁcant (p > 0.5). Furthermore, the RMSE values for both
correlations are much larger than the observed natural spatial vari-
ability, which has been approximated by the standard deviation of
the yearly observed values (St. dev. in Table 3) over the period pro-
vided in Table 1. This observed natural heterogeneity is signiﬁcantly
larger than the modelled heterogeneity, in particular in the case of
the evapotranspiration rate.
Concerning the inter-annual variability, the correlation between
modelled and observed yearly anomalies with the mean GPP  and
ET at the different sites over the time series provided in Table 1 is
weak. The correlation coefﬁcient r is equal to 0.62 (p < 0.0001) and
0.46 (p = 0.00013), for GPP and ET, respectively. This means that
the model does not capture well the inter-annual variability. At
monthly times scales, the correlations between FLUXNET data and
JULES simulations of GPP and ET are much stronger. The r values
are equal to 0.91 and 0.85 (p < 0.0001), respectively. At this time
scale, the RMSE is around half the observed and modelled seasonal
variability.
In Fig. 3(a) and Table 4 the partitioning of the modelled yearly
evapotranspiration ﬂux between its different components is pre-
sented. Results show that the contribution of the transpiration, soil
and intercepted water evaporation to the total evapotranspiration
rate is not in line with what can be found in the literature. According
to a global process-based study performed by Miralles et al. (2011),
the transpiration accounts for 80% of the annual land evaporation,
interception loss for 11%, bare soil evaporation for 7% and snow
sublimation for 2%. More speciﬁcally for Europe, the interception
loss represents 18%. A study by Choudhury and DiGirolamo (1998),
based on 132 geographically distributed catchments, estimated the
ratio of transpiration to evapotranspiration around 0.65–0.7 for
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Fig. 2. Mean and standard deviation of the yearly gross assimilation (a), evapotranspiration (b), extractable soil water within 0.1–3 m (c) and with 0–0.1 m depth (d) at each
site  for the time series given in Table 1. The FLUXNET data are represented in black, the JULES-orig simulations in green and the JULES-adapt in red. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
Table 3
Statistics for the mean yearly evapotranspiration (ET in mm year−1) and gross assimilation (GPP in kg m−2 year−1) at the selected sites simulated with the different JULES
versions versus FLUXNET data.
FLUXNET Original Veg-mod Veg-mod + Inter-mod Veg-mod + Soil-mod Adapted
ET
Mean 391.1 611.4 585.7 579 495.1 429.0
St.  dev. 120.7 73.7 68.1 75.5 66.1 66.0
r  – −0.20 0.25 −0.18 0.07 0.16
RMSE  – 268.5 230.0 243 169.1 133.5
MBE  – 220.2 194.6 188 104.0 37.9
GPP
Mean  1.49 1.23 1.56 1.29 1.67 1.6
St.  dev. 0.25 0.35 0.37 0.37 0.39 0.39
r  – 0.39 0.72 0.42 0.71 0.63
RMSE  – 0.43 0.27 0.40 0.33 0.33
MBE  – −0.26 0.08 −0.19 0.19 0.11
Fig. 3. Simulated mean yearly moisture ﬂux partitioning of total precipitation at the different FLUXNET sites with JULES-orig (a) and with JULES-adapt (b).
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Table  4
Ratio  of transpiration (Et), intercepted water evaporation (Ec) and soil evaporation (Es) to evapotranspiration (ET) in JULES-orig and JULES-adapt for the entire period provided
in  Table 1.
Bra Bug Cab Gri Hai Hes LeB Loo Tha Vie Wet  Mean
Orig.
Et/ET 0.27 0.38 0.48 0.64 0.51 0.51 0.34 0.25 0.38 0.48 0.45 0.42
Ec/ET 0.21 0.14 0.19 0.18 0.26 0.24 0.26 0.27 0.28 0.26 0.32 0.24
Es/ET 0.52 0.48 0.32 0.18 0.22 0.24 0.42 0.47 0.35 0.26 0.24 0.34
Adapt.
Et/ET 0.47 0.69 0.59 0.79 0.64 0.75 0.63 0.53 0.60 0.62 0.78 0.65
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oEc/ET 0.13 0.10 0.13 0.14 0.17 
Es/ET 0.39 0.21 0.28 0.07 0.19 
orest and 0.6 for grassland. At the selected sites in this study, the
ranspiration accounts on average for only 42%, the soil evaporation
or 34% and the intercepted water evaporation for 24% (see Table 4).
Very few measurements have been performed at site speciﬁc
ocations. Wilson et al. (2001) measured the contribution of tran-
piration, intercepted water and soil evaporation in temperate
eciduous forests and found it to be 60%, 20% and 20%, respec-
ively. A similar contribution of soil evaporation was  observed for
he temperate broad-leaved forest in Hainich (Bittner et al., 2010).
uring the summer however, the contribution of the soil dropped
o 10–13%. At Brasschaat, the observed soil evaporation contributes
bout 30% to the total evapotranspiration (Meiresonne et al., 2003).
t Vielsalm in 2011, the transpiration represented 53% and the
ntercepted water evaporation 13% (personal communication with
. Soubie and C. Vincke – 12/04/2013). Averaged over 14 stands in
he North of Belgium, the contribution of transpiration is around
5%, that of intercepted water evaporation around 25% and of soil
ater evaporation 10% (Verstraeten et al., 2005). Sutanto et al.
2012) measured the evaporation ﬂuxes during simulated sum-
er conditions on a grassland. The fraction of transpiration, soil
nd intercepted water evaporation were 77.7%, 12.2% and 10.1%,
espectively. Based on all these studies, the contribution of soil
ater evaporation in JULES is largely overestimated compared to
he contribution of transpiration (see Table 4). The soil evaporation
s particularly large at sites with sparse vegetation; i.e. Bug, Cab,
ra, LeB and Loo (see Table 1 for LAI values), where it represents
etween 32% and 52% of the total ET. The underestimation of the
ranspiration fraction is however less pronounced at the broad leaf
orest sites (Hai and Hes).
In summary, JULES-orig captures the seasonal variability, but
oes not capture well spatial and inter-annual variability of the
ater and carbon ﬂuxes. Compared to FLUXNET data, the GPP is
nderestimated and the evaporative ﬂux overestimated. In addi-
ion to this, the latter ﬂux is not well partitioned between its
omponents; the transpiration is underestimated, and the soil
vaporation is overestimated.
.2.  Impact of all combined adaptations to JULES v2.2
The  simulations performed with the adapted model, JULES adapt,
how an overall signiﬁcant increase in gross assimilation (Fig. 2(a))
nd a decrease in modelled evapotranspiration (Fig. 2(b)) com-
ared to JULES-orig. The modelled mean yearly water and carbon
uxes present a smaller bias against the FLUXNET observations,
ith a strong reduction of the systematic over- and underesti-
ation, respectively (see RMSE and MBE  values in Table 3). The
odelled mean yearly GPP now correlates well with the FLUXNET
ata (see r values in Table 3). This shows that the adaptations have
mproved the skill of the model in capturing the spatial variability.
oncerning the temporal variability, the adaptations did not signif-
cantly improve the skill of the model in capturing the inter-annual
ariability (not shown). However, they improved the performance
f the model at the monthly timescale (Fig. 5). 0.16 0.18 0.20 0.19 0.20 0.15
 0.22 0.30 0.19 0.19 0.02 0.20
The lack of energy balance at the FLUXNET sites might partially
explain the remaining discrepancy between observed and sim-
ulated evapotranspiration. Anthropogenic interferences can also
play a role and explain the small inter-annual variability modelled
at some sites. For example, at Gri the model strongly overestimated
the actual GPP; the additional grass-cuts, in particular during 2004
and 2006 (Prescher et al., 2010), cannot be simulated with the
model.
The signiﬁcant decrease in simulated ET is mainly due to a
decrease in soil evaporation, and to a lesser extent to a decrease
in intercepted water evaporation (Fig. 4(d)). On average, at all sites,
the evaporation rate, both of soil moisture and intercepted water,
has decreased by 60%. At the sites with a large fraction of needle
leaf trees (LeB, Loo, Tha and Wet) this reduction is partially com-
pensated by an increase in transpiration rate. A strong increase in
run-off is noticeable as well, except at the sites located on medium
ﬁne soils (Hes and Wet), where a slight reduction is simulated. The
largest increase in run-off is simulated at sites located on sandy
soils (Bra, Bug, LeB and Loo). The deep drainage rate has increased
as well, except at needle leaf sites on sandy soils (LeB and Loo).
Based on the values mentioned in Section 4.1 JULES-adapt shows a
more realistic partitioning of the moisture ﬂux (see Fig. 3(b) and
Table 4). The transpiration rate represents now on average 65% of
the total ET, the intercepted water evaporation 15% and the soil
evaporation 20%. Overall the contribution of transpiration to the
evaporative ﬂux has increased by 50%, the contribution of the inter-
cepted water evaporation has decreased by 30% and that of the soil
evaporation by 50%.
The  adaptations had also an impact on the extractable soil water
content. The simulated extractable soil water content in the top
soil layer, 0–0.1 m,  increased signiﬁcantly at all sites (Fig. 2(d)). In
the sub-layer, 0.1–3 m depth, the content increased as well com-
pared to the simulation performed with JULES-orig, except at Loo
and LeB where the content decreased (Fig. 2(c)). Over the whole
soil proﬁle up to 3 m depth, the extractable soil water content
remained unchanged at Loo and LeB. At those two sites the strong
increase in run-off and transpiration was not counterbalanced
enough by the decrease in soil and intercepted water evapora-
tion. However, a strong reduction in drainage compensated for
the increased water loss. The overall larger extractable soil mois-
ture content, in particular during winter, enhanced the surface
run-off.
An impact on the seasonal cycle of the soil moisture content
was also noticeable. The soil moisture content simulated with
JULES-adapt shows a lead-lag of two  to four weeks with the con-
tent simulated with JULES-orig (see Figs. A.1 and A.2 in Appendix
C). This lag is the largest at LeB and Bug; both sites are water
stressed during summer. Next, compared to JULES-orig, the reduc-
tion in soil moisture content during spring and summer is weaker
in JULES-adapt. This can be explained by the reduced evaporative
ﬂux, mainly during spring and early summer. At Loo, Tha and Wet,
however, this reduction in ET is weak and constant during the entire
year. A smaller evaporative ﬂux during spring and summer and an
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Fig. 4. Impact of the ‘Veg mod’ (a), ‘Inter mod’ (b), ‘Soil mod’ (c) adaptations and a combination of them (d) on the simulated mean yearly moisture ﬂux partitioning at the
different FLUXNET sites, in comparison with JULES-orig.
(a) (b)
F ies given in Table 1, with the JULES-orig simulations in green and the JULES-adapt in red.
( erred to the web version of the article.)
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Table 5
Pearson correlation coefﬁcient for the correlation between simulated ET and global
radiation, and between ET and soil moisture content.
Bug Cab Hai Hes LeB Loo Tha Vie Wet
ET versus radiation
Orig  0.16 −0.59 0.74 −0.28 −0.13 0.05 0.57 0.9 −0.46
Adapt. 0.09 −0.36 0.87 0.35 −0.4 0.22 0.78 0.97 0.90
ET versus soil moisture
Orig  0.96 0.77 −0.53 0.76 0.76 0.43 0.67 0.011 0.27ig. 5. Taylor diagram of the monthly GPP (a) and ET (b) at each site for the time ser
For  interpretation of the references to colour in this ﬁgure legend, the reader is ref
verall larger soil moisture content lead to a smaller amplitude of
he seasonal cycle of soil moisture.
Finally, as mentioned by Teuling et al. (2009), trends in ET
re most likely induced by trends in the limiting driver. From
able 5 it can be seen that, compared to JULES-orig the mod-
lling results have shifted from a soil moisture-limited regime
o a more radiation-limited regime, except at Bug and LeB. The
imulated evapotranspiration rate ET is now more positively
orrelated with the radiation than it is with the soil mois-
ure content. These results correspond well to the observations
ade by Teuling et al. (2009), who found a clear North-South
radient in Europe, with a near-perfect linear correlation forAdapt. 0.96 0.31 −0.52 −0.58 0.81 0.015 0.23 −0.31 −0.74
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dig. 6. The 2003 anomalies and the one standard deviation of the inter-annual varia
ation (c) and transpiration (d), with the FLUXNET data in black and the JULES-adap
he reader is referred to the web version of the article.)
adiation in Central Europe and Scandinavia, decreasing towards
he Mediterranean.
.2.1. Role of the individual adaptations applied to JULES v2.2
The  reduced bias and the improved correlation between the sim-
lated and observed GPP are mainly due to the adaptations made
o the vegetation physiology Veg-mod (see Table 3). The Veg-mod
daptations also improved the correlation between observed and
imulated evaporative ﬂux. However, the reduction in bias of this
ux was mainly due to the adaptations made to the soil evaporation
nd inﬁltration Soil-mod and to the intercepted water evaporation
nter-mod (see Table 3).
The  adaptations made to the vegetation physiology, Veg-mod,
igniﬁcantly increased the GPP at the grassland sites and at the
ites with an important fraction of needle leaf trees, and reduced
he evaporative ﬂux at sites with an important fraction of broad
eaf trees, through a reduction in their transpiration rate (Fig. 4(a)).
s mentioned in Section 3.1.1, the net photosynthesis A is limited
y low values of Ci (Collatz et al., 1991, 1992), which is posi-
ively correlated with f0. From Eq. (2) it follows that the Cc − Ci
radient is increased for low values of f0. Both effects result in a
eduction of the stomatal conductance and transpiration when f0
ecreases, which is the case for the Veg-mod set-up compared to
ULES-orig. At the needle leaf sites, this reduction in transpiration
ate is however compensated by an increase in carboxylation rate,
hrough an increase in nl value. This increase in carboxylation rate
nhances the photosynthetic rate, which explains the increase in
ross assimilation at the needle leaf sites, and consequently, the sto-
atal conductance (Eq. (1)). This means that the reduction in f0 only
ffected the transpiration and, to a lesser extent, the photosynthetic
ate of the broad leaf trees and C3 grasses. The reduction in transpi-
ation rate at those sites however resulted in a water saving. This
imited the water stress experienced by vegetation at some sites
uring spring and summer and, by consequence, slightly enhancedof the mean yearly GPP (a), extractable soil water over 3 m depth (b), evapotranspi-
ulations in red. (For interpretation of the references to colour in this ﬁgure legend,
the  GPP. In addition, it increased the drainage rate. Finally, the
decrease in transpiration was slightly compensated by an increase
in soil evaporation to fulﬁl the evaporative demand of the atmo-
sphere.
The adaptations made to the soil evaporation and inﬁltration,
Soil-mod, are responsible for the strong decrease in soil evaporation
and increase in run-off, except at Hes and Wet, where the run-off
rate has decreased compared to JULES-orig (Fig. 4(c)). By convert-
ing the medium ﬁne top soil layer texture of those two sites into an
organic layer, the saturated hydraulic conductivity Ks of this top soil
layer was increased threefold (see Table A.2). At all the other sites
Ks has been decreased, with a very strong decrease for the coarse
texture soil. This explains the strong reduction in inﬁltration rate
and increase in run-off at Bra, Bug, LeB and Loo. This means that
the impact of Soil-mod on the moisture ﬂux components depends
strongly on the soil texture; the sensitivity is larger for a land sur-
face on sandy soils. Soil-mod is also responsible for the increase
in extractable water content in the top soil layer. The increase in
this layer is mainly due to the change in soil texture, and by con-
sequence in maximum extractable soil moisture (see Table A.2).
Overall the reduction in soil evaporation is partially compensated
by an increase in transpiration to fulﬁl the evaporative demand of
the atmosphere.
The adaptations made to the intercepted water evaporation,
Inter-mod, are responsible for a decrease in intercepted water evap-
oration (Fig. 4(b)). The contribution of this component to the total
evapotranspiration rate has decreased by more than half at Bra,
Bug, Cab, Hai, Hes, LeB and Vie. These sites are the two  broad leaf
tree sites; i.e. Hai and Hes, the mixed forest sites with a large frac-
tion of broad leaf trees; i.e. Vie, and the sites with sparse vegetation
coverage; i.e. Bra, Bug, Cab and LeB. For more information on the
vegetation coverage, we refer to Table 1. The reduction in inter-
cepted water evaporation at the broad leaf and mixed forest sites
takes place mainly during winter, when the canopy is leaﬂess, and
1 d Forest Meteorology 181 (2013) 108– 124
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uring the entire year for sites with sparse coverage. This is due to
he fact that a lower interception capacity has now been assigned to
oil and leaﬂess trees (see Eqs. 9 and 10). With our adaptations, its
ependency on LAI has been enhanced. The sensitivity of the model
o the ‘Inter-mod’ adaptations depends strongly on the land sur-
ace coverage; the impact on the moisture ﬂux partitioning is more
mportant for a land surface covered by broadleaf trees, due to its
easonality and for a land surface with sparse vegetation coverage.
he decrease in intercepted water evaporation is partially com-
ensated by an increase in soil evaporation and, to a lesser extent,
y an increase in transpiration (Fig. 4(b)). In addition to this, as the
mount of intercepted water is reduced, there is a slight increase in
hroughfall and inﬁltration and, by consequence, a slightly larger
mount of water in the sub-soil layers. This explains the higher
rainage rate.
.3.  The extreme event of 2003 as benchmark
The results of the simulation performed with JULES-adapt have
een evaluated for the extreme event of 2003. Bra and Gri are not
ncluded in this analysis, as no data were available for this year.
From  Fig. 6(a) it can be seen that the anomalies of the simu-
ated GPP for 2003 are all negative, except at Vie, and located at the
ower end of one standard deviation of the inter-annual variabil-
ty. This is similar to the ﬁngerprint shown by the FLUXNET data.
he anomalies simulated with JULES-adapt are however underesti-
ated compared to the observed values. During 2003 the simulated
PP was on average reduced by 10% only, compared to the mean
alues over the time series provided in Table 1. At the FLUXNET sites
 reduction of 30% has been observed in 2003 compared to 2002
Ciais et al., 2005). This difference between simulations and obser-
ations might be due to the fact that in the model the phenology
s prescribed and that it does not simulate early leaf yellowing and
itter fall due to drought (Le Dantec et al., 2000). These processes
ould decrease the GPP. At Hesse, for example, important leaf fall
n mid-August was observed (Granier et al., 2007). In addition to
his, Zaitchik et al. (2006) demonstrated that the early vegetation
reen-up due to the springtime warmth, together with the lack of
recipitation, resulted in an early season soil moisture deﬁcit. This
annot be simulated by the setup chosen for our modelling system,
ecause of the prescribed phenology.
Fig. 6(b) indicates that there is a good correlation between the
PP and the soil moisture anomalies during the 2003 extreme
vent. Similar to the observations made by Reichstein et al. (2002),
here is a positive response of the simulated GPP to the simu-
ated soil moisture content during the July-September period (not
hown). The non-signiﬁcant negative GPP anomalies observed at
ie in 2003 (Fig. 6(a)) could be due to the fact that in 2003 this site
xperienced a moderate drought intensity that did not reduce the
tomatal conductance to a large extent and for a limited period only,
hile the generally higher radiation that was observed in summer
003 resulted in enhanced photosynthesis (Granier et al., 2007).
Besides  the good correlation with the soil moisture depletion,
he drop in modelled GPP during 2003 seems to coincide with a
educed ET, except at 3 sites (Hai, Loo and Wet) (Fig. 6). The reduc-
ion in ET is very strong (larger than one standard deviation of the
nter-annual variability) at two sites; i.e. Bug and LeB. At those two
ites the decrease in ET is due to a decrease of both transpiration
nd evaporation rates. At the remaining sites, the simulated tran-
piration rate has increased in 2003. The decrease in ET at those
ites is therefore due to a strong decrease in evaporation. Although
he stomatal conductance was limited due to water stress, the
vapotranspiration was not reduced to a large extent. The stronger
ositive radiation anomaly in 2003 (Fischer and Seneviratne, 2007)
nhanced the evaporative demand. In combination with low pre-
ipitation rate, it enhanced the depletion of the intercepted waterFig. 7. Correlation between the yearly mean WUE  simulated with JULES-adapt at
the different sites in 2003 and the mean value over the whole time series during the
July–September period.
reservoir (fast reservoir) followed by the depletion of the top soil
water reservoir (intermediate reservoir). A higher water extraction
through transpiration from the deeper soil layers (slow reservoir)
tended to compensate for a reduced evaporation from the depleted
fast and intermediate reservoirs. This was simulated at Hes, Loo and
Tha (Figs. A.1 and A.2). Once the deeper soil layers started to deplete,
the transpiration rate decreased as well. This was the case at Bug
and LeB. These results show that the good correlation between the
carbon ﬂux and the water ﬂux anomalies is not only due to the
effect of water stress on vegetation (through stomatal conductance)
as mentioned by Reichstein et al. (2002) and Granier et al. (2007);
depletion of the fast and intermediate reservoir plays an important
role as well.
Fig.  7 shows the correlation between the simulated mean water
use efﬁciency, WUE, which is computed as the ratio between the
cumulated GPP and transpiration for the period July–September
over the entire time-series, and the simulated WUE  during 2003
for the same period. At almost all sites the WUE  during the drier
2003 is lower than for an average year (climatology), except at LeB.
This pattern of lower WUE  efﬁciency under dry conditions corre-
sponds well with the observations made by Reichstein et al. (2007).
The increase in WUE  with soil moisture content is due to a larger
sensitivity of GPP rather than of transpiration to soil moisture con-
tent, except at LeB. Similar ﬁndings were reported by Kuglitsch et al.
(2008).
5. Conclusions
In this study, the land surface model JULES has been evaluated
against 11 European temperate FLUXNET sites: 8 forests sites and 3
grassland sites. The results show that the original model formula-
tion (Essery et al., 2001; Clark et al., 2011; Best et al., 2011) captures
the seasonal variability, but does not credibly represent the spatial
and inter-annual variability of the water and carbon ﬂuxes. The
inability of representing the inter-annual variability is still a major
problem for the majority of land surface models (Keenan et al.,
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012). Compared to FLUXNET data, the GPP simulated with JULES
s underestimated and the evaporative ﬂux overestimated. Addi-
ionally, most published studies for the temperate regions indicate
hat, on an annual basis, transpiration is the dominant component
n the land surface, followed by soil and intercepted water evap-
ration. The original JULES formulation, however, does not reﬂect
his ET partitioning, with soil and intercepted water evaporation
ar outweighing transpiration.
In  this study a range of adaptations are suggested to alleviate
hese long-standing biases: these consist of changes in parameter-
sation and process representations for vegetation transpiration,
ntercepted water evaporation and soil water availability, evapora-
ion and inﬁltration. The individual adaptations have been clearly
hown to be beneﬁcial in alleviating speciﬁc biases in the model.
he combined adaptations have improved the performance of the
odel in simulating the spatial and temporal variability of the car-
on and water ﬂuxes. In addition, they increased the accuracy of
he simulated GPP and ET. The most signiﬁcant improvement is the
verall decrease in evaporative ﬂux by 30%.
The adapted model exhibits signiﬁcant improvements in its par-
itioning of evapotranspiration; transpiration is now the largest
omponent. The reduction of the depth of the top soil layer avail-
ble for soil evaporation prevents excessive loss of soil moisture to
vaporation. The reduced capacity and evaporation from the inter-
eption reservoir increases the amount of water that can reach the
round and inﬁltrate into the soil. Overall the adaptations resulted
n wetter soils, and by consequence in larger drainage rates. An
ncrease in surface run-off is a consequence of the higher soil mois-
ure content noticed at some sites and the reduced inﬁltration
nhancement factor. These changes in partitioning have a large
mpact on the overall surface water balance, and by consequence
re expected to feedback on the atmosphere once JULES-adapted
s coupled back to the Met  Ofﬁce GCM.
Since the transpiration component, compared to the evapora-
ion components, is more important in the adapted version, one
ould anticipate the ET response to a rain event in the adapted ver-
ion to be slightly delayed and to extend for a longer time period. A
oil moisture lag correlation of two weeks to one month between
ULES-orig and JULES-adapt was indeed simulated, with a larger
ag at moisture stressed sites. This is indicative of a longer climate
emory, modulated by soil water, which is relevant to the problem
f land–atmosphere coupling and is expected to improve the stand-
ng of the UK’s Uniﬁed Model system in GCM intercomparisons
Koster et al., 2006). Moreover, compared to JULES-orig, the sim-
lated ET has shifted from a soil moisture limited regime to a more
adiation limited regime. As trends in radiation (global dimming
nd brightening) are expected to impact ET only in regions where
T correlates with radiation (Teuling 2009), these adaptations are
xpected to affect climate simulations over Europe.
Next, the results of the simulation performed for the extreme
vent of 2003 were used as evaluation benchmark for the
dapted version of the model to simulate climate change sce-
arios. JULES-adapt captures the impact of the 2003 drought on
he carbon assimilation and WUE. However the model underesti-
ates the 2003 anomalies overall. This might be due to the fact
hat the model phenology is prescribed, so that JULES is unable
o interactively simulate early vegetation green-up, early leaf
ellowing and litter fall. An appropriate description of groundwaterst Meteorology 181 (2013) 108– 124 119
dynamics  is also crucial for evaluating drought stress; varying soil
depth, rooting depth and dynamics, groundwater table and cap-
illary rise are not represented in JULES. An interactive phenology
as well as an improved representation of the response of plants to
water stress will very likely enhance the sensitivity of the vegeta-
tion to extreme events.
The  results of the 2003 simulations also showed that the good
correlation between the carbon and the water ﬂuxes anomalies is
not solely due to the effect of water stress on vegetation (through
stomatal conductance) as mentioned by Reichstein et al. (2002)
and Granier et al. (2007): depletion of the fast and intermedi-
ate reservoirs plays an important role as well. This highlights
the importance of process studies at the components level: for
instance, confronting the model with a single evapotranspiration
ﬁeld from observations is an insufﬁcient test of model ﬁdelity. More
detailed and complex measurements of moisture ﬂux partition-
ing are needed to better evaluate the models used in weather and
climate prediction.
Finally,  this study suggests that the impact of the soil structure
and texture on the moisture ﬂux and its partitioning is as important
as vegetation structure and composition. Both soil and vegetation
are in fact strongly linked in nature; soil type affects vegetation
type, and vice versa.
In  the near future, we intend to investigate the impact of our
adaptations in the context of coupled land–atmosphere simula-
tions, and in particular the effect of the adaptations on the diurnal
cycle of ﬂuxes and Bowen ratio (=SH/LE). We  have already shown
in this study that more of the available surface energy is devoted
to sensible heat rather than latent heat ﬂux (larger Bowen ratio).
If coupled to a GCM, the resulting planetary boundary layer will
be relatively deeper. The reduced moisture ﬂux into a deep bound-
ary layer leads to an anomalously dry and therefore more stable
boundary layer (Eltahir, 1998), but it may  also alter the moisture
conversion over land (Schär et al., 1999). As the Bowen ratio of
the land surface modulates the thermodynamics and the dynam-
ics of atmospheric circulation, these adaptations might affect the
surface-climate feedback (Lawrence et al., 2006).
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Tabel  A.1
Deﬁnition of acronyms.
Symbol Units Deﬁnition
a – parameter of the simpliﬁed formulation developed by Leuning (1995)
A mol  CO2 m2 s−1 net leaf photosynthesis rate
˛  m−1 van Genuchten ﬁtting parameter
BL  – broad-leaf trees
ˇ  – inﬁltration enhancement factor
C  kg m−2 canopy moisture content
Cc Pa leaf surface CO2 partial pressure
Ci Pa internal CO2 partial pressure
Cm kg m−2 canopy capacity
C3 – plant that utilises the C3 carbon ﬁxation pathway
C4  – plant that utilises the C3 carbon ﬁxation pathway
d  m displacement height
Dc kg H2O kg−1 air critical humidity deﬁcit
D* kg H2O kg−1 air humidity deﬁcit at the leaf surface
ET  mm time−1 evapotranspiration
Ec mm time−1 intercepted water evaporation
Es mm time−1 soil evaporation
Et mm time−1 transpiration
f0 – maximum ratio between intercellular and atmospheric CO2
fa – saturated fraction of the canopy
GPP  kg CO2 time−1 gross primary productivity
gs m s−1 stomatal conductance
gsoil m s−1 soil conductance
 Pa photorespiration compensation point
h m height of vegetation
H  m height of eddy ﬂux measurements
Ks mm s−1 soil saturated hydraulic conductivity
K  mm s−1 surface inﬁltration rate
m  shape parameter of the water retention curve
LAI m2 m−2 leaf area index
LE  W m2 latent heat
n – shape parameter of the water retention curve
nl kg N kg−1 C leaf nitrogen concentration
NEE  kg CO2 time−1 net ecosystem exchange
NL  – needle-leaf trees
p  Pa surface pressure
P  mm time−1 precipitation
PFT – plant functional type
  Pa pressure head
q  kg kg−1 air humidity
R J K−1 mol−1 prefect gas constant
Rg W m−2 global radiation
Rn W m−2 net radiation
SH W m−2 sensible heat
Sn mm time−1 snow
T K or ◦C air temperature
T* K leaf surface temperature
c m3 m−3 volumetric soil moisture content at critical point
r m3 m−3 residual water content
sat m3 m−3 volumetric soil moisture content at saturation
w m3 m−3 volumetric soil moisture content at wilting point
1 m3 m−3 volumetric soil moisture content in the top 0.1 m of the soil
Vm mol  CO2 m2 s−1 maximum rate of carboxylation of Rubisco
Vmax mol  CO2 m2 s−1 maximum rate of carboxylation of Rubisco at 25 ◦C
|v|  m s−1 wind speed
WUE  kg CO2 m−2 mm−1 H2O water use efﬁciency
Tabel A.2
Wösten parameters for JULES: the volumetric water content at saturation (s), at the critical point (c) and at the wilting point (w), the saturated hydraulic conductivity (Ks),
the  ﬁtting parameters  ˛ and the shape parameter of the water retention curve n.
r (m3 m−3) s (m3 m−3) c (m3 m−3) w (m3 m−3) Ks (mm  s−1) 1/  ˛ 1/(n − 1) (=m)
Topsoil
Coarse 0.025 0.40 0.17 0.059 0.00694 0.261 2.65
Medium  0.010 0.44 0.29 0.15 0.00140 0.318 5.54
Medium  ﬁne 0.010 0.43 0.32 0.13 0.00026 1.205 9.94
Fine  0.010 0.52 0.40 0.28 0.00288 0.272 9.88
Very  ﬁne 0.010 0.61 0.49 0.33 0.00174 0.377 9.68
Subsoils
Coarse  0.025 0.37 0.11 0.04 0.00810 0.233 1.92
Medium  0.010 0.39 0.27 0.15 0.00124 0.402 5.92
Medium  ﬁne 0.010 0.41 0.32 0.15 0.00046 1.22 4.59
Fine  0.010 0.48 0.41 0.3 0.00098 0.505 11.6
Very  ﬁne 0.010 0.54 0.47 0.36 0.00095 0.595 13.7
Organic  0.010 0.77 0.56 0.27 0.00093 0.769 4.9
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(b)
(c)
(d)
(a)
(i) (ii) (iii) (iv)
Fig. A.1. The seasonal cycle of the volumetric extractable soil moisture within 3 m depth (i), ET (ii), Et (iii) and Es + Ec (iv) simulated over the entire time series with JULES-orig
in green and with JULES-adapt in red, with the values for 2003 as dotted lines for Bug (a), Cab (b), Hai (c) and Hes (d). The anomalies between JULES-adapt and JULES-orig
are in plain black lines for the entire time series and by dotted black lines for 2003. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to  the web version of the article.)
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